The longitudinal dynamic stability characteristics of a caret-wing/wedge (CWW) waverider, without engine integration, is explored. Hypersonic piston theory is used to derive analytical stability derivatives and coe cients. These stability coe cients are incorporated into the linearized equations of motion for longitudinal dynamics. The stability and control characteristics of the system dynamics are investigated over a variety of mission trajectories including ascent, steady-state cruise and periodic cruise. 
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Introduction
Hypersonic vehicle ight control is much more complex than subsonic or supersonic aircraft. This added complexity is primarily a result of the interactions between the airframe and the engine. Typically integrated waverider vehicle designs are required to achieve optimal performance for a variety of mission objectives. The airframes of these vehicles are essentially components of the engine; the forebody is the inlet and the rear of the vehicle comprises the nozzle 1 American Institute of Aeronautics and Astronautics of the engine.
While there has been a signi cant amount of work on control of integrated hypersonic aircraft at speci c operating conditions 1?4 , there has not been much work on analyzing the stability and control properties for candidate missions. This paper attempts to focus on the aerodynamic stability characteristic of a hypersonic vehicle for three speci c missions; accelerator, steady-cruise and periodic cruise. A CWW waverider con guration is chosen in this initial study because of its geometric simplicity. A similar vehicle con guration was used to understand the static margin performance of waverider vehicles and their a ect on aerodynamic performance 4 .
Description of Missions
Three sample missions, using the same vehicle in each case, have been examined. Table 1 gives the parameters of the vehicle. The rst mission is representative of a periodic hypersonic cruise (PHC) 5?7 trajectory over a single period. Fig. 4 shows the trajectory to be own. The second trajectory is representative of a vehicle accelerating to steady-state cruise. The acceleration pro le was adapted from Takashima 8 and is shown in Fig. 9 . The third trajectory examined is steady-state cruise at Mach 10 at an altitude of 30 km. The angle of attack was varied from -4 to 4 degrees. For the present study no engine integration was included and inviscid aerodynamics were assumed for the vehicle.
Caret-Wing/Wedge Geometry Fig. 1 shows the geometry for a caret-wedge waverider. When the wedge width, a, is zero the vehicle is refered to as a caret-wing waverider. The vehicle geometry is based on the wedge angle o , wedge section width a, caret-wing span, b, and vehicle length, c. A detailed description of caret-wing and caret-wedge waveriders can be found in Tarpley 4 . The coordinate system of the caret-wedge waverider is shown in Fig. 2 . Because the waverider is produced from a 2-dimensional planar ow, 2-dimensional oblique shock theory can be used.
Given ight Mach number, M 1 , the shock angle, o , is determined by the --Mach relationship. The rest of the vehicle's geometrical parameters can be calculated using the following equations 4 The center of gravity, assuming a constant mass density, for the vehicle is given by:
x cg c = 8a + 3b 4 (3a + b) z cg c = 4a tan + b (tan + tan ) 4 (3a + b)
The mean aerodynamic chord is given by:
Planform area is:
O -Design Analysis
The o -design analysis used has been simpli ed to assume 2-dimensional ow. For a central wedge section the wedge angle is modi ed by the angle of attack. For the caret-wing section the freestream ow velocity is decomposed into parallel and perpendicular components to the leading edge. The perpendicular component is then used to calculate the ow properties on the upper and lower surface.
Piston Theory Analysis
Tarpley 4 has extended linear piston theory to the derivation of analytical expressions for the stability derivatives of hypersonic caret-wing vehicles. While the work was limited to only caret-wing vehicles, it is easily applicable to other geometries. The solution for these geometries are analytical in some instances and numerical for more complicated shapes. Following is a review of the piston theory analysis given in the previously referenced work.
The basic result from linear piston theory is:
p surface = p steady + steady a steady V surface (7) where the subscript "steady" refers to steady ow conditions past a surface and V surface refers to the velocity of the surface normal to the steady ow. (8) The in nitesimal force due to this pressure is given by: dF = ?p surface dAn (9) where dA is the surface element andn is the outward unit normal. The stability coe cients are derived assuming small perturbations from a steady ight condition of M 1 . The perturbations will be the velocities u, v, and w and the rates p, q, and r. The velocity on the upper surface due to these perturbations is:
V u = (V 1 cos + u)î + vĵ + (w ? V 1 sin )k + ! r u (10) For the lower surface, the ow conditions behind the oblique shock wave are used to compute the oblique shock relations. The velocity on the lower surface of the vehicle is: n l = n lxî + n lyĵ + n lzk
By substituting the dot product of eqns. 10 and 13 into eqn. 7 and then substituting this combined expression into eqn. 9, the in nitesimal force at a point on the upper surfae can be written as: 
Stability Coe cients
To calculate the various stability coe cients, the appropriate pieces of the in nitesimal expressions in eqns. 16 and 17 are integrated over the vehicle surface. The base pressure is assumed to be p 1 for the purposes of the calculations, but it only contributes to the C x and C m coe cients; linear piston theory is not used on the rear surface. Because of vehicle symmetry, the integrations can be done in the positve y-space only. Due to the fact that integration is a linear operator, complicated shapes can be split up into simpler shapes and the integral results added together. Also, the coordinate system for the integration can be chosen arbitrarily, provided the surface integral is independent of the coordinate variable. These two facts can be used to simplify the calculation of stability coe cients. For example, a CWW can be split up seperately into a caret-wing and a wedge. The surface integrals of the forces are computed on each shape independently. For longitudinal coe cients, the integrals are independent of the y variable, therefore the limits of integration in the y-direction can shifted over so that both shapes begin integration at zero for instance. The coordinate system used in the integrations always has its x-axis parallel to the upper surface, regardless of the angle of attack (The angle of attack is taken into account in eqns. 16 and 17.).
Caret-Wing
In previous work, longitudinal stability coecients for a caret-wing vehicle were developed at zero angle of attack. The analysis below extends that work to develop the stability derivatives for arbitrary angle of attack. 
The normal surface vectors are given by: 
To calculate the various aerodynamic coe cients, the appropriate pieces of the in nitesimal expressions in eqns. 16 and 17 are integrated over the surface of the caret-wing. (48) and for a caret-wing is shown in the appendix.
w Derivative of Z Force Coe cient
The change in the Z force coe cient due to a plunging motion is calculated by integrating the component of the in ntesimal force expression that contains the vertical velocity perturbation, w. 
q Derivative of Z Force Coe cient
If the caret-wing undergoes a pitching motion about its center of gravity, the velocity of the surface due to this motion will give rise to a change in the surface pressure according to piston theory. The Z force coe cient due to a pitching motion is: 
This integral solution is shown in the appendix.
Caret-Wedge Stability Coe cients
The caret-wedge shape can be divided into a caret-wing and a wedge shape with the results added together. The results from the previous section can be used for the caret-wing shape. However, the coefcients were nondimensionalized using the planform area of the caret-wing, but the planform area of the caret-wedge should be used. Therefore, each of the coe cients derived in the last section must be mul- 
To calculate the various aerodynamic coe cients, the appropriate pieces of the in nitesimal expressions in eqns. 16 and 17 are integrated over the surface of the wedge portion. The base expressions are equivalent to the caret-wing analysis, so only thenal solutions of the integrals for the wedge will be shown: (4 ) Tables 2 and 3 show sample stability coe cients for three di erent types of vehicles. The rst vehicle is just the caret wing, the second vehicle is a caret-wedge with higher lift to drag properties, and the third vehicle represents a CWW accelerator vehicle with lower drag.
Linearized Equations of Motion
The non-dimensional longitudinal equations of motion for an aircraft can be written as 9 : mU Sq In order to relate the coe cients to the calculated stability coe cients, it is necessary to make the approximation that w which is true when w V1 1. For the present study there is no "tail" to experience downwash and therefore all derivatives are zero.
It is typically assumed that C xq and C zq are neglected in the nal equations of motion. For the three cases presented in the last section it appears that it would not be wise to neglect C xq . C zq , on the other hand, can be neglected since: 
Control Surface Methodology
It is assumed that simple at plates will be used as control surfaces for the caret-wing and caret-wedge waveriders. The control surfaces will be assumed to be on the caret portion of the waverider. One set of surfaces will be used on the top and another set on the bottom. The longitudinal equations of motion depend on the slope of the moment coe cient of the control surfaces. Hypersonic limit theory is used to model the forces on the control surfaces. The lift coe cient for the control surfaces is given by:
for the upper control surfaces, and:
for the lower control surfaces.
Unfortunately, the linearized equations of motion need a single linear slope value. Therefore, a linear curve t is done of the lift coe cient, and the slope of that line is then used for the value of @CL @ . Once the slope is known, the derivative of the moment coe cient of the control surface with respect to de ection angle is given by:
It should be noted that it is assumed that D L so only the lift coe cient is used in the moment coe cient and the drag term is neglected 10 . Fig. 3 shows the lift coe cient versus de ection angle for a typical caret-wing/wedge waverider at Mach 10, with a generating wedge angle of 3.63 deg, wing-span of 28.11 m and length of 63.99 m. The convention used assumes that a downward de ection is positive, since it produces a positive pitching moment.
With the control surface modeled the nondimensional equations of motion become: mU Sq Closer inspection of the longitudinal dynamics reveals that for PHC missions the short period mode is unstable with the pole locations oscillating between approximately 0.5 rad/sec and 4 rad/sec. This represents an order of magnitude change in the location of the stable and unstable poles associated with the short period mode. In addition, the long period (phugoid mode) oscillates back and forth between the left and right half plane. Thus, at times the phugoid mode has an unstable pole on the real axis, and at other times the phugoid mode is stable with two damped complex conjugate roots. It is rather surprising to nd phugoid modes which are unstable. This is a unique characteristic associated with periodic trajectories. Thus, depending on the location of transmission zeros, control laws to track such trajectories will be challenging. The migration of the poles/zeros are summarized in Fig. 8 .
Accelerating Trajectory
The open loop poles and zeros of an accelerating pro le are displayed in Figs. 10, 11 , and 12. The accelerating trajectory pro le results in completely unstable short and long period dynamics with poles migrating back and forth along the positive and negative real axis in the s-plane. As the vehicle accelerates up to altitude, the bandwidth of the system decreases. This may ease the development of feedback control laws for an ascent trajectory. The migration of the poles/zeros are summarized in Fig. 13 .
Hypersonic Cruise
The poles for a Hypersonic cruise trajectory versus varying angle of attack ar displayed in Figs. 14, 15, and 16. Again an unstable pitch mode is present over the entire angle of attack range. For the range of angle of attacks considered the short period pole locations migrate from -2 to -4 rad/sec. For negative angle of attacks, the phugoid mode is unstable and its poles lie on the real axis. 
Summary/Conclusions
This paper has developed the necessary aerodynamic analysis to derive the stability coe cients for a caret-wedge-wing waverider ying three candidate missions: periodic hypersonic cruise, an ascent prole and a steady hypersonic cruise trajectory. The stability characteristics of each mission were examined. All three missions were characterized by unstable pitch mode dynamics. Phugoid mode stability were driven by angle of attack and ight path angle values. Angle of attack appears to be a strong coupling factor which a ects the location of the system poles for each mission. Small variations in angle of attack signi cantly a ect the stability of the system dynamics. Zeros appear to lie primarily in the left-half plane for these missions. However, these properties will change depending on the sensors chosen for feedback control. Future work will consider multivariable guidance laws required to track the mission pro les presented in this paper. 
